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Examination of Existent Propagation Models Over Large
Inhomogeneous Terrain Proﬁles Using Fast Integral
Equation Solution
Celal Alp Tunc, Ayhan Altintas, and Vakur B. Ertürk
Abstract—The accuracy of most widely used empirical models are inves-
tigated using the spectrally accelerated forward-backward (FBSA) method
as a benchmark solution. First, FBSA results are obtained for propagation
over large scale terrain proﬁles and compared with measurements to as-
sess the accuracy of FBSA. Then, accuracy of some International Telecom-
munication Union (ITU) and Federal Communications Commission (FCC)
propagation models are investigated. It has been observed that, for rural
areas, the prediction of the most recent ITU recommended propagation
model (Rec. 1546) deviates much more than older models do.
Index Terms—Federal Communications Commission (FCC) curves,
forward-backward spectral acceleration (FBSA) method, International
Telecommunication Union (ITU) recommendations, propagation models,
rough surface scattering.
I. INTRODUCTION
Most of the automated propagation prediction tools for coverage
analysis over geometrical databases use empirical models [1]–[5] with
or without semi-empirical multiple knife-edge diffraction (MD) losses
[6]–[10] in order to predict ﬁeld strengths over terrain proﬁles. These
empirical models which are described by equations or curves derived
from statistical analysis of a large number of measured data, are simple
and do not require details of the terrain. Therefore, they are easy and
fast to apply. However, they cannot provide a very accurate estimation
of the scattered ﬁeld or the path loss for an arbitrary environment.
Hence, comparison of empirical models in terms of accuracy is an
important issue for the prediction of ﬁeld strengths over large terrain
proﬁles.
In this paper, a detailed investigation of some of themost widely used
empirical propagationmodels with or withoutMD corrections has been
performed using the spectrally accelerated forward-backward (FBSA)
method [11]–[13] as a benchmark solution, after its accuracy is com-
pared with measurements. Furthermore, the good agreement between
the FBSA and measured results conﬁrm the consistency of the method
to be used for a section of the three-dimensional (3-D) environment,
though the FBSA is based on the two-dimensional (2-D) Green’s func-
tion. Use of other 2-D Green’s function based integral equations for
3-D environments has been presented in the literature before [14]–[21].
We have chosen the FBSA among these methods, because of itsO(N)
computational cost, to examine the propagation models over electri-
cally large terrain proﬁles.
Interestingly, it has been observed that, for rural areas, the most
recent International Telecommunication Union (ITU) recommended
propagation model (Rec.-1546) needs to be modiﬁed. Furthermore, the
use of MD losses in conjunction with empirical solutions increases the
error if the ﬁeld strength or the path loss due to the empirical model is
already lower than that of the reference solution. Therefore, results of
this study may help in the choice of the most suitable empirical models
or in the development of more robust propagation techniques. A robust
technique for the prediction of ﬁeld strengths over large terrain proﬁles
must be polarization and frequency dependent, and must take electrical
properties, and details of the terrain proﬁle into account.
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Fig. 1. Generic terrain proﬁle.
In Section II, the integral equation (IE) formulation and its solution
using the FBSA is brieﬂy discussed. Numerical results are presented
in Section III where the accuracy of existing empirical propagation
models are compared. Finally, some concluding remarks are presented.
An ejwt time convention is used and suppressed from the expressions.
II. FORMULATION
The scattered ﬁeld over an electrically large rough terrain proﬁle
which is illuminated by an incident electromagnetic ﬁeld {Einc(),
H
inc()} ( = x^x + z^z) is computed using an IE based method to
be used as a reference solution. Fig. 1 illustrates such a rough sur-
face that is characterized with the curve C deﬁned by z = f(x),
along the x-axis. Considering the terrain as an imperfect conductor
(r(); r()) and using the Impedance boundary conditions (IBC)
[22], an electric ﬁeld integral equation (EFIE) for a transverse mag-
netic (TMy) polarization can be written in terms of the equivalent elec-
tric current density Jy on the surface as
 Eincy () =  s()Jy()  j!
C
Jy(
0)G(; 0)d0
+
C
s(
0)Jy(
0)
@
@n0
G(; 0)d0 (1)
whereas a magnetic ﬁeld integral equation (MFIE) for the transverse
electric (TEy) polarization case can be obtained in terms of the tangen-
tial induced current Jt as
 H incy () = Jt() 
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Jt(
0)
@
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+j!
C
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In (1) and (2), s is the surface impedance along the surface,
G(; 0) = H
(2)
0 (; 
0)=4j is the 2-D Green’s function and
(@=@n0)G(; 0) denotes its derivative with respect to n^0, the
normal vector to the surface at the radiating point 0. It is noted that
TMy and TEy deﬁnitions used here are with respect to y-coordinate.
Assuming that the incident ﬁeld is of ﬁnite extent in space, the sur-
face and integrals in (1) and (2) can be conﬁned to a ﬁnite region,
though the proﬁle C is arbitrarily extended to inﬁnity. Therefore, (1)
and (2) can be solved using a point-matching moment method solution
leading to the matrix equation in the form of
V = Z  I (3)
where I contains the unknown current coefﬁcients Im, Z is the
impedance matrix whose entries are given in [13], and V denotes the
incident ﬁeld evaluated at the matching points.
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Fig. 2. Path loss over Hadsund terrain proﬁle. (a) Proﬁle geometry. (b) TM
polarization at 435 MHz. Distance = 7950 m,  = 0 1 , =
115 275, = 117, = 13 .
Instead of the direct solution of the system deﬁned by (3), which
requires O(N3) operations, the FBSA (O(N)) is used in order to ﬁnd
the unknown current coefﬁcients for electrically very large terrains. For
further details on the FBSA, the reader is referred to [12] and [13].
III. NUMERICAL RESULTS AND DISCUSSION
A. Validation of the FBSA for Real World Propagation Problems
In order to assess the accuracy of the FBSA as well as to demon-
strate its consistency with measurements, comparisons of FBSA results
with measurements are shown in Figs. 2 and 3. The terrain proﬁles are
from Denmark with lengths up to 8 km. The height variations are of the
order 20–50 m. Measured data were obtained by Hviid et al. [14] using
a dipole with a transmitted power of 10 W and a gain of 8 dBi. The
transmitter height is 10.4 m. The receiver antenna is a =4 monopole
on top of a van with a height of 2.4 m. Having no exact information
about the vegetation and electrical properties of terrains, the surface
impedances are taken as s = 20:2 + j8:1 
 in order to handle some
small forests and other land cover data along the proﬁles [14]. Also
shown in the ﬁgures are the computations of Hviid et al. [14] with a
different terrain based integral equation method. This method neglects
the backscattering, has a computational cost of O(N2), assumes per-
fect magnetic conductor terrain, and it can only handle the TM polar-
ization case. We have taken the segment length =10, and the strong
region length, Ls = (zmax   zmin)=4, is calculated as 13 and 6,
respectively, for the terrain proﬁles in Figs. 2(a) and 3(a).
In Fig. 2(b), the results for 435 MHz operating frequency are pre-
sented over Hadsund terrain proﬁle, while the comparisons over Jer-
Fig. 3. Path loss over Jerslev terrain proﬁle. (a) Proﬁle geometry. (b) TM
polarization at 970 MHz. Distance = 5600 m,  = 0 1 , =
185066, = 124, = 6 .
slev proﬁle for 970 MHz are shown in Fig. 3(b). Both ﬁgures show the
very good agreement of the FBSA results with the measurements and
the other IE method. Therefore, the FBSA can safely be used as a refer-
ence solution to test the accuracy of the prediction of various ITU and
FCC recommended propagation models.
B. Accuracy of the Prediction of ITU and FCC Propagation Models
In Fig. 4, the accuracy of three empirical models are compared on
an actual terrain proﬁle from Turkey. These models are ITU Recom-
mendation Rec.-529 [2], [3], ITU Recommendation Rec.-1546 [4], and
free space propagation model [5] with multiple diffraction. Note that,
ITU Rec.-529 is the same as the Hata model [2] at 500 MHz. The
MD correction used here is due to the Epstein–Peterson [7] in which
obstruction from each knife-edge is added consecutively. The surface
impedance is taken as a typical value of s = 25 + j20 
. The trans-
mitter antenna is considered to be an isotropic radiator with a trans-
mitted power of 50 W and a height of 20 m located at the left-most end
of the terrain. The receiver antenna is taken as an isotropic radiator, too,
having a height of 1.8 m. We have taken the strong region length, Ls,
as 5 m for the terrain proﬁles in Figs. 4(a) and 5(a).
In Fig. 4(b), the results for the 200MHz operating frequency are pre-
sented for TMpolarization. The free space propagationmodel withMD
correction seems to have the best agreement with FBSA. The compar-
isons for 500 MHz are shown in Fig. 4(c) for TE polarization case. Nu-
merical results show that the best agreement with FBSA results is ob-
tained using free space propagation model with diffraction correction.
Also, ITU Rec.-529 results seem to reasonably agree with the FBSA
results especially at 500 MHz (Hata), while the poorest agreement is
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Fig. 4. Total ﬁeld over Cinarkoy terrain proﬁle. (a) Proﬁle geometry. (b)
TM polarization at 200 MHz. Distance = 20 km,  = 0 1 ,
= 133333, = 225, = 5m. (c) TE polarization at 500 MHz.
Distance = 20 km,  = 0 1 , = 333 333, = 286,
= 5 m.
obtained for ITU Rec.-1546. We believe that, the use of ITU Rec.-1546
for propagation over rural areas will not be very accurate for ranges up
to 20 km. In [4], it is stated that, the ITU Rec.-1546 should yield con-
sistent results with Hata up to 20 km. However, the given Hata equation
in the recommendation [4] is the one for urban areas and results in a
difference around 25 dB in path loss from the rural Hata equation at
300 MHz [23]. Therefore, the ITU Rec.-1546 should be modiﬁed in
order to be used for propagation over terrain proﬁles in rural areas.
The reason for the choice of the Epstein–Peterson method among the
availableMDcorrections is explainedwith the aidof Fig. 5(b) and (c) for
TM and TE polarizations, respectively. MD loss methods, Bullington
[8], Vogler [10] and Epstein–Peterson [7], are examined in conjunc-
tion with free space propagation model in these ﬁgures. In Bullington
method, all knife-edges are replaced by an equivalent one and inVogler,
Fresnel type integrals for each aperture is taken consecutively. Compar-
isons show that the use of any MD correction model yield quite similar
results. However, a careful investigation of the ﬁgures show that, the
Bullington method cannot catch the diffraction loss effects of some of
the consecutive peaks that are close to each other.Voglermethod is com-
putationally expensive and yields quite similar results with Epstein–Pe-
terson; still the least deviation from the reference solution occurs with
the use of Epstein–Peterson. Therefore, the best choice for the multiple
diffraction correction seems to be Epstein–Peterson.
The addition toMD losses to free space propagation, as in Figs. 4 and
5, predicts theﬂuctuations in theﬁeld strengthdue to terrainundulations.
the same idea can be applied to the empirical propagation models. The
effect of using MD losses with empirical propagation models is shown
explicitly in Fig. 6. Free space propagation model, ITU Rec.-1546 and
Fig. 5. Comparisons of MDCs over Konya terrain proﬁle. (a) Proﬁle
geometry. (b) TM polarization at 200 MHz. (c) TE polarization at 200 MHz.
Distance = 20 km,  = 0 1 , = 133333, = 286,
= 5 m.
FCCcurves,with andwithoutMDcorrections, are compared in terms of
accuracy using the FBSA as a reference, on the same geometry depicted
before in Fig. 4(a). The dotted lines in Fig. 6 represent the empirical
models only, whereas the solid ones show the models with MD cor-
rections. Reasonable agreement of free space and FCC results with the
FBSA solution is observed in conjunction with (and without) MD cor-
rections. In MD corrections, effects of the diffraction phenomenon is
taken into account as an additional path loss only. Therefore, when used
in conjunction with empirical curves, they just decrease the level of the
curve along the portions of the terrain which are out of the lit region of
the source. Hence, the use of MD losses together with empirical solu-
tions may increase the error if the empirical curve is at a signiﬁcantly
lower level than the reference solution. Thus, usingMD losseswith ITU
Rec.-1546 increases the error. According to above observations, for the
propagation over rural areas, ITU Rec.-1546 deviates much more than
the older ITU recommended models.
IV. CONCLUSION
Most widely used empirical propagation models with MD correc-
tions for prediction of the ﬁeld strengths over large terrain proﬁles have
been investigated and observed that, they cannot provide a very accu-
rate estimation of the scattered ﬁeld or the path loss for an arbitrary en-
vironment, since they are polarization independent and do not respond
to changes in electrical properties of the terrain.
Furthermore, special care is needed when MD correction methods
are used in conjunction with empirical solutions. Implementation of an
MD correction method increases the error if the ﬁeld values due to an
empirical model is already lower than the reference solution.
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Fig. 6. Comparisons of propagation models with and without MD corrections
over Cinarkoy terrain proﬁle for TM polarization at 200 MHz.Distance =
20 km, = 0 1 , = 133333, = 225, = 5m.
An interesting result of this study is the accuracy of the Rec.-1546,
which is one of themost recent ITU recommended propagationmodels.
For urban areas, it is consistent with Hata equations up to about 20 km,
but for rural areas, predicted ﬁeld values of this model deviate from
the reference solution more than those of the older ITU models do.
Therefore it needs to be modiﬁed for rural areas.
The results of this studymay help in the choice of themost preferable
empirical models or in the development of more robust propagation
techniques. A robust technique for the prediction of ﬁeld strengths over
large terrain proﬁlesmust be polarization and frequency dependent, and
must take electrical properties, shadow and lit regions of the terrain
proﬁle into account.
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A Low Proﬁle Single Dipole Antenna Radiating Circularly
Polarized Waves
Fan Yang and Yahya Rahmat-Samii
Abstract—A lowproﬁle single dipole antenna that can generate circularly
polarized (CP) radiation patterns is proposed in this paper. TheCPpatterns
and low proﬁle conﬁguration are achieved using a specially designed arti-
ﬁcial ground plane: a thin grounded slab loaded with periodic rectangular
patches. The artiﬁcial ground plane exhibits in-phase reﬂection coefﬁcients
with polarization-dependent feature. The radiation mechanism of the an-
tenna is described, and experimental results verify the antenna concept.
Index Terms—Artiﬁcial ground plane, circular polarization, dipole an-
tenna, low proﬁle.
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